The Lymantria dispar multinucleocapsid nucleopolyhedrovirus (LdMNPV) is a natural pathogen of the gypsy moth, a major insect pest in the northeastern United States and eastern Canada. It is a member of a diverse family of insect viruses, the Baculoviridae, which contain large, circular, supercoiled DNA genomes. Recently, the entire 161-kb LdMNPV genome has been sequenced and found to encode approximately 170 open reading frames (ORFs), many of which have no reported homologs in other well-characterized baculoviruses (25).
The Lymantria dispar multinucleocapsid nucleopolyhedrovirus (LdMNPV) is a natural pathogen of the gypsy moth, a major insect pest in the northeastern United States and eastern Canada. It is a member of a diverse family of insect viruses, the Baculoviridae, which contain large, circular, supercoiled DNA genomes. Recently, the entire 161-kb LdMNPV genome has been sequenced and found to encode approximately 170 open reading frames (ORFs), many of which have no reported homologs in other well-characterized baculoviruses (25) .
Analysis of the LdMNPV genome revealed an ORF encoding a protein with a high degree of homology with the ATPdependent DNA ligases. Such ligase homologs are not present in the genomes of the Autographa californica nucleopolyhedrovirus (AcMNPV) or the Orgyia pseudotsugata nucleopolyhedrovirus (OpMNPV). The ATP-dependent DNA ligases belong to a superfamily of covalent nucleotidyltransferases which include both the ATP-dependent polynucleotide ligases and the GTPdependent mRNA capping enzymes. The members of this superfamily are characterized structurally by a set of six short motifs conserved in sequence, order, and spacing (41) . The DNA ligases catalyze the formation of phosphodiester bonds at single-strand breaks in double-stranded DNA (27, 29) . This ligation step plays an essential role in DNA replication, DNA repair, and genetic recombination. Escherichia coli contains an essential DNA ligase which uses NAD ϩ , rather than ATP, as a coenzyme (24) . Both Saccharomyces cerevisiae and Drosophila melanogaster cells have been found to contain two distinct DNA ligases, while mammalian cells contain at least four, each encoded by separate genes (38, 45, 48, 49) . ATP-dependent DNA ligase genes have been identified in animal viruses including vaccinia virus, fowlpox virus, and African swine fever virus, as well as in Paramecium bursaria Chlorella virus 1 (PBCV-1) and the T-even and T-odd bacteriophages (17, 28, 29) . DNA ligase I is present at higher levels in rapidly dividing cells than in nonproliferating cells. Its main function appears to be the joining of Okazaki fragments during DNA synthesis (35, 46) . On the other hand, DNA ligase II is more plentiful in nonproliferating cells and is induced by DNA-damaging agents, suggesting that it plays a role in DNA repair (7, 10) . Mammalian cells also contain a DNA ligase III and a more recently described DNA ligase IV (45, 48) . DNA ligases III and IV have been implicated in both DNA repair and recombination (16, 19, 39, 48) .
In this report, we describe studies of the sequence and enzymatic activity of the LdMNPV ligase-like protein. Although it is likely that a DNA ligase is involved in baculovirus DNA replication, it is not among the six baculovirus-encoded genes shown to be essential for transient DNA replication in both AcMNPV and OpMNPV (1, 2, 23) . Using plasmids containing homologs of the genes shown to be essential in other baculoviruses for transient DNA replication, we found that the DNA ligase homolog did not stimulate transient DNA replication, suggesting that its role may be in DNA repair or recombination.
MATERIALS AND METHODS
Tissue culture cells. The L. dispar (Ld652Y) cell line was propagated at 27°C in TNMFH medium (44) supplemented with 10% fetal bovine serum, penicillin G (50 g/ml; Whittaker Bioproducts), and amphotericin B (Fungizone; 500 ng/ml; Flow Gibco-BRL) as previously described (36) .
Construction of cosmids and plasmids. LdMNPV cosmids and the plasmid clone pDB112 were supplied by Jim Slavicek. The cosmids were constructed with partial PstI or ClaI digests of DNA from the LdMNPV clonal isolate Cl 5-6 cloned into the cosmid vector pHC79 (42) . The pDB112 subclone of cosmid A contains the 9.5-kb BglII F fragment cloned into the BamHI site of pUC18 (see Fig. 1 ). A subclone of BglII F, containing the ligase ORF (nucleotides [nt] 21745 to 23391), was constructed by digesting pDB112 with HindIII and EcoRI and cloning the resulting 1.8-kb fragment into the HindIII-EcoRI sites of pBluescript KS(Ϫ) [pBKS(Ϫ)] (Stratagene, Inc.). In this clone, designated pLdlig, the bacterial T3 promoter of pBKS(Ϫ) is within 60 bp of the translational start site for the ligase gene. In order to allow further subcloning, PCR was used to introduce an NcoI site at the ATG of the ligase ORF and a HindIII site at the 3Ј end, 144 bp downstream of the translation stop codon. The sequence of the 5Ј primer was 5Ј-GCTTGTAACCATGGAGAACC-3Ј, and that of the 3Ј primer was 5Ј-AGG AATTCAAGCTTCGCGCCAT-3Ј. With DNA from the pLdlig clone as a template, PCR was performed according to the GeneAmp PCR kit (Perkin-Elmer, Foster City, Calif.) protocol. The sample was PCR amplified with one cycle of 5 min at 95°C and 35 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C followed by one cycle of 6 min at 72°C in a PTC-200 DNA Engine (MJ Research, Inc.). The resulting 1.8-kb PCR product was digested with HindIII and then partially digested with NcoI since the ligase ORF contains an internal NcoI site. The 1.8-kb fragment containing the entire ORF was gel purified and subcloned into two different NcoI-HindIII-cut expression vectors. One of these vectors, which has been previously described (13) , contains seven histidine codons upstream of and in frame with the ATG of an NcoI site. The resulting sevenhistidne N-terminal fusion construct was designated pHTlig. The other vector, which contains the AcMNPV ie-1 gene promoter upstream of an NcoI site, has been previously described (33) . The clone resulting from insertion of the ligase ORF downstream of the ie-1 gene promoter in this vector was designated pExplig. DNA sequencing was done on the cloned PCR products to confirm that no mistakes were introduced during amplification and cloning.
Plasmids containing the homologs of the six essential replication genes (see Fig. 1 ) were constructed as follows. The SstI-D fragment (nt 117145 to 119891) from cosmid E containing lef-1 (nt 118724 to 119428), an EcoRI-SacI fragment (nt 132200 to 134734) from cosmid F containing lef-2 (nt 132917 to 133567), and the SstI-F fragment (nt 74366 to 77076) from cosmid C containing lef-3 (nt 74856 to 75980) were subcloned into pBluescribe(Ϫ) to form plef-1, plef-2, and plef-3, respectively. Two SstI fragments spanning nt 77272 to 82938 containing portions of the DNA polymerase gene (nt 78389 to 81433) were ligated and cloned into SstI-cut pBluescribe(Ϫ) to make pDNApol. A 7.1-kb HindIII-H fragment (nt 91796 to 98839) of cosmid D containing the helicase gene (map unit 93899 to 97555) was subcloned into pBKS(Ϫ) to make phel. A clone, phel-2 (nt 46985 to 48677), containing a helicase-like ORF (nt 47126 to 48508) was constructed by cutting the 11.5-kb BamHI-G fragment with BamHI and EcoRV and cloning the resulting 2.8-kb fragment into pBKS(Ϫ). This clone was then cut with BamHI and SphI, blunted with T4 polymerase (37) , and religated to give a 1.7-kb insert. Construction of pLdie-0, which contains the spliced LdMNPV ie-0 ORF under the control of the AcMNPV ie-1 promoter, and the reporter plasmid, pLdhr4, which contains the hr4 region, an in vitro origin of replication in LdMNPV, has been previously described (32, 33) . Plasmids were propagated in E. coli DH5␣ and purified on Qiagen columns (Qiagen, Inc.).
Protein expression and purification. In vitro transcription and translation (TnT) reactions were performed with a rabbit reticulocyte lysate TnT system (Promega) according to the manufacturer's instructions. TnT reaction mixtures were labeled with [
35 S]methionine (New England Nuclear). The N-terminal seven-His-tagged fusion construct of ligase, pHTlig, was expressed in E. coli BL21(DE3) (Novagen) followed by purification on Ni-nitrilotriacetic acid (Ni-NTA) resin according to the manufacturer's instructions (Qiagen).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Sambrook et al. (37) . Gels were either fixed and stained with Coomassie brilliant blue (Bio-Rad) or dried and subjected to autoradiography. Quantitative analysis of gel bands was done with the Personal Densitometer SI and ImageQuant software (Molecular Dynamics, Inc.).
Ligase substrates. The homopolymer oligonucleotide substrates, poly(dA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] [oligo(dT) ⅐ poly(dA)] and poly(rA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] [oligo(dT) ⅐ poly(rA)], were purchased from Pharmacia. Ligase substrates consisting of a 36-bp duplex DNA containing a centrally placed nick, a 1-nt gap, or a 2-nt gap were synthesized and annealed as described by Ho et al. (17) . Briefly, a 36-mer acceptor strand with the sequence 5Ј-TGTAGTCACTATCGGAATAAGGGC GACACGGATATG-3Ј was annealed to a 5Ј-end-labeled 18-mer donor strand with the complementary sequence 5Ј-ATTCCGATAGTGACTACA-3Ј and one of three complementary acceptor 18-mer strands. The acceptor strand 5Ј-CAT ATCCGTGTCGCCCTT-3Ј introduces a nick in the DNA duplex, while acceptor strands 5Ј-ACATATCCGTGTCGCCCT-3Ј and 5Ј-AACATATCCGTGTCGCC C-3Ј introduce a 1-nt and a 2-nt gap, respectively (see Fig. 5a ). The 18-mer donor strand was 5Ј end labeled with [␥-
32 P]ATP with T4 polynucleotide kinase as previously described (5) . The labeled oligonucleotide was purified away from unincorporated label on a TE Micro Select-D, G-25 spin column (5 Prime33-Prime, Inc.). The labeled donor 18-mer, complementary 36-mer, and acceptor 18-mer, in 2 mM Tris-HCl (pH 8.3)-0.25 M KCl, at a molar ratio of 1:3:6, were annealed by heating at 65°C for 2 min and slow cooling to room temperature. For other experiments, complementary sticky or blunt-ended substrates were produced by linearization of pBKS(Ϫ) with either HindIII or SmaI, respectively.
Formation of ligase-AMP complex. A standard reaction mixture (40 l) containing 50 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 5 mM dithiothreitol, 50 g of bovine serum albumin per ml, 0.5 Ci of [␣-
32 P]ATP, and ligase was incubated for 15 min at room temperature (30) . Analysis of the radiolabeled enzymeadenylate intermediate (ligase-AMP) was performed by incubating 10-l aliquots of this mixture with either 10 nmol of sodium pyrophosphate or 0.8 g of each of the homopolymer oligonucleotide substrates at room temperature for 1 h. Reactions were terminated by addition of 10 l of 2ϫ SDS-PAGE sample buffer (37), resolved on SDS-10% PAGE gels, dried, and analyzed by autoradiography.
Ligation assays. Ligation reactions (20 l) were initiated by addition of enzyme to reaction buffer (50 mM Tris-HCl [pH 8.0], 10 mM MgCl 2 , 5 mM dithiothreitol, 50 g of bovine serum albumin per ml, 1 mM ATP) containing 0.9 pmol of 32 P-labeled DNA substrate, reaction mixtures were incubated at room temperature for 30 min, and reactions were stopped by addition of 1 l of 0.5 M EDTA-5 l of formamide. The reaction products were resolved by electrophoresis on 12.5% polyacrylamide-7 M urea gels, followed by exposure to X-ray film.
Ligation of DNA molecules with complementary sticky or blunt ends was performed by incubation of restriction enzyme-cleaved pBKS(Ϫ) with ligase in reaction buffer (described above) for various periods of time. The resulting products were analyzed by agarose gel electrophoresis in the presence of ethidium bromide.
Plasmid replication assay. DNA replication assays were performed as previously described (33) . Briefly, total DNA was collected from uninfected Ld652Y cells 72 h after transfection with cosmids and plasmids. A DpnI-based assay was then used to detect replication of the reporter plasmid, pLdhr4. Samples were digested with DpnI (34) and with PstI, which linearizes the reporter plasmid, followed by agarose gel electrophoresis and Southern blotting. Detection of bands was accomplished by a chemiluminescence method using fluoresceinlabeled pBKS(Ϫ), polyclonal antifluorescein antibody conjugated to horseradish peroxidase, and a nucleic acid chemiluminescent substrate according to the manufacturer's instructions (NEN Research Products, Boston, Mass.).
DNA sequence analysis. Sequence reactions were performed with the Taq Dye-Deoxy Terminator Cycle Sequencing Kit (Applied Biosystems, Inc., Foster City, Calif.) as previously described (33) . The nucleotide sequences and predicted protein sequences were analyzed with the GCG suite of sequence analysis programs (11), version 9-UNIX (1996). Database searches were done with the BLAST protocol (3) .
Nucleotide sequence accession number. The nucleotide sequence numbers reported in this paper will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under accession no. AF081810.
RESULTS

Expression and purification of the ligase-like fusion protein.
Sequence analysis of the entire 161,045-bp LdMNPV genome (25) led to the identification of an ORF located just upstream of the ie-0 ORF at nt 21745 to 23391 (Fig. 1) , which is 35% identical, at the amino acid level, to vaccinia virus DNA ligase III. It shows a similar degree of homology to several mammalian DNA ligase III proteins, including human and mouse 
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proteins. However, at 548 amino acids (aa) in length, it is much closer in size to vaccinia virus (552 aa) than to either human (862 aa) or mouse alpha (1,015 aa) and beta (956 aa) DNA ligases III. The predicted protein product of the LdMNPV ligase-like gene contains six motifs which are conserved in both order and spacing in the cellular and viral ATP-dependent DNA ligases ( Fig. 2) (41) . In addition, it also contains four residues, at aa 198, 250, 345, and 365 ( Fig. 2, asterisks) , which have been found to be essential for activity of vaccinia virus DNA ligase, including the reactive lysine (aa 198) that is located in the active site (Fig. 2 , motif I) (40) . We undertook a series of experiments to determine if the product of this ORF is indeed an active ligase. Initially, we subcloned the ligase ORF into pBKS(Ϫ) so that the ATG was within 60 bp of the T3 promoter. In vitro TnT reactions with this pLdlig clone as a template yielded a product of approximately 62 kDa, the size estimated from the predicted amino acid sequence (data not shown).
In order to allow production of the putative ligase protein in a bacterial expression system, PCR was used to amplify the ORF contained in pLdlig and to introduce an NcoI site at the ATG. The resulting product was then cloned into an expression vector in frame with seven upstream histidine codons to produce pHTlig. Following expression of this plasmid in bacterial cells, SDS-PAGE analysis of collected fractions during the subsequent purification steps showed that a band at about 62 kDa was concentrated by the Ni-NTA resin and eluted upon application of 50 mM imidazole (Fig. 3, lanes 1 to 4) .
Formation and properties of a protein-adenylate intermediate. The first step in DNA ligation involves interaction of the enzyme with ATP, resulting in the formation of a covalent ligase-adenylate intermediate, in which the reactive lysine (Fig.  2, aa 198 ) in the active site is covalently linked to AMP. To determine if the purified, bacterially expressed His-tagged protein has this activity, the 50 mM imidazole elution fraction was incubated with [␣-32 P]ATP. This resulted in the formation of a labeled protein which migrated at 62 kDa in SDS-PAGE gels (Fig. 4, lane 1) . The first preelution wash fraction did not yield any labeled bands, indicating that the 62-kDa band was not attributable to nonspecifically bound E. coli ligase (data not shown). This result is as expected, since the E. coli ligase uses NAD ϩ as a coenzyme, rather than ATP, and so would not be active in this assay. Removal of the AMP group from the ligase intermediate occurs in the presence of pyrophosphate, which causes a reversal of the reaction and regeneration of ATP. Incubating the AMP-His-tagged protein intermediate with pyrophosphate resulted in the release of the [␣-
32 P]AMP and consequent disappearance of the labeled band (Fig. 4, lane 2) . In addition, incubation of the intermediate with the polynucleotide substrates oligo(dT) ⅐ poly(dA) or oligo(dT) ⅐ poly(rA) also resulted in the release of labeled AMP. These substrates consist of a 12-to 18-nt dT oligomer primer annealed with a long poly(dA) or poly(rA) oligonucleotide template forming nicked DNAs which may serve as acceptors for the adenylate group. The labeled band was reduced by 71.6% after incubation with oligo(dT) ⅐ poly(dA) and by 63.2% following incubation with oligo(dT) ⅐ poly(rA) (Fig. 4, lanes 3 and 4) . These results indicate that the His-tagged protein can react with [␣-32 P]ATP to form a protein-adenylate complex and that this reaction is reversed upon incubation of the intermediate with pyrophosphate. In the presence of oligo(dT) ⅐ poly(dA) or oligo(dT) ⅐ poly(rA), the label also is released from the protein, indicating transfer of the AMP group to both these substrates. All of these results are characteristic of ligase-adenylate intermediates.
Ligation of DNA substrates. In the next step of the ligation reaction, the AMP group covalently bound to the enzyme is transferred to the 5Ј-phosphoryl residue present at a single strand break in double-stranded DNA. This DNA-AMP complex is also a covalent intermediate but is much less stable than the enzyme-adenylate intermediate. The pyrophosphate bond formed between the phosphoryl group and AMP provides the energy needed for the enzyme catalyzation of phosphodiester bond formation, resulting in sealing of the DNA break and release of the AMP. DNA ligases can seal single-strand nicks in DNA but join 1-and 2-nt gaps much less efficiently, if at all. In order to assay the ligation ability of the purified fusion protein, we utilized three synthetic duplex DNA substrates as described by Ho et al. (17) . These substrates consisted of a 36-mer complementary strand annealed with a 5Ј-end-labeled 18-mer donor strand and one of three 18-mer acceptor strands such that the resulting duplex contains either a single-strand nick or a 1-or 2-nt gap. Each of these substrates was incubated with various concentrations of the purified fusion protein in the presence of unlabeled ATP. The His-tagged protein was able to seal a single nick in a synthetic duplex DNA as evidenced by the appearance of a labeled 36-mer product ( Fig. 5;  compare lanes 2 and 3) . The fusion protein was also able to seal a nick in the absence of added ATP (data not shown), indicating that some of the protein already exists in the adenylated state, an observation that has been made with other ligase proteins (17) .
The recombinant protein was able to seal a 1-nt gap, but less efficiently than a nick, with only a portion of the substrate converted to labeled 36-mer ( Fig. 5 ; compare lanes 4 and 5 to lanes 2 and 3). This repair of 1-nt gaps was not seen at a lower protein concentration (5 ng), which was still adequate for sealing nicks (data not shown). At much higher protein concentrations (500 ng), a small amount of the less stable, slowermigrating DNA-adenylate intermediate was detected (data not shown). Like other ligases that have been described previously, [12] [13] [14] [15] [16] [17] [18] and lane 4, 0.8 g of poly(rA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] . Samples were resolved on an SDS-10% PAGE gel, dried, and subjected to autoradiography. The sizes in kilodaltons of prestained marker proteins included on the gel are indicated on the left. the His-tagged protein was incapable of sealing DNA singlestrand breaks across a 2-nt gap (Fig. 5, lanes 6 and 7) .
The ability of the His-tagged ligase to join DNA molecules with complementary sticky or blunt ends was assayed by using plasmid DNA cut with either HindIII, which generates sticky ends, or SmaI, which produces blunt ends. The enzyme ligated DNA molecules with short complementary overhangs (Fig. 6a,  lanes 4 to 7) . Most of the ligation that occurred was complete within 5 min after addition of enzyme (Fig. 6a, lanes 4 and 5) . The ligation reaction produced a religated single molecule that migrated as a 2.0-kb band, as well as double and triple end-toend ligated molecules of 5.8 and 8.7 kb, respectively (Fig. 6a,  lanes 4 to 7) . Uncut, supercoiled plasmid (Fig. 6, lane 2) migrates at the same size as the 2.0-kb single religated molecules due to relaxation of the supercoils caused by ethidium bromide intercalation. A small amount of ligation product larger than 8.7 kb was also present. A residual amount of the 2.9-kb linear plasmid DNA was present throughout the incubation period (Fig. 6a, lanes 4 to 7) . Increasing the amount of ligase to 1.2 g and extending the incubation time to 2 h did not result in further conversion of this unligated DNA to ligated forms (data not shown). Incubating blunt-ended DNA molecules with 1.2 g of ligase for up to 1.5 h did not yield any detectable ligation products (Fig. 6b, lanes 3 to 6) .
The influence of the LdMNPV ligase on transient DNA replication. Replication of double-stranded DNA requires the participation of a ligase which joins the Okazaki fragments on the lagging DNA strand. However, a ligase was not among the six genes required for transient AcMNPV and OpMNPV DNA replication (1, 2, 23) , suggesting that the ligase is supplied by the host cells in these systems. To determine if the LdMNPVencoded DNA ligase is involved in viral DNA replication, we identified and cloned the LdMNPV homologs (Fig. 1 ) of the essential baculovirus replication genes (DNA polymerase, p143-helicase, lef-1, lef-2, lef-3, and ie-1).
The six overlapping cosmids (Fig. 1) representing the entire LdMNPV genome can support replication of an origin-containing plasmid, pLdhr4, in such a transient assay (33) . Identification and subcloning of the LdMNPV homologs of the six essential replication genes allowed us to determine if these genes could support transient DNA replication. The six cosmids or various combinations of plasmids were cotransfected with the pLdhr4 reporter plasmid into Ld652Y cells, and the replication of the reporter was assessed by a DpnI-based assay (31, 34) . The results of these experiments are shown in Fig. 7 . As previously reported, cotransfection of all six cosmids (A to F) supported replication of the reporter, seen as the 4.9-kb DpnI-resistant band in lane 2 (33) . In addition, a 6.4-kb DpnIresistant band which is due to replication of the cosmid vector, pHC79, is also seen (33) . Replacing the cosmids with the six plasmids containing the replication gene homologs also supported replication of the origin-containing reporter plasmid (Fig. 7, lane 3) . Omitting each of the replication gene homologs, individually, abolished replication (Fig. 7, lanes 4 to 9) . These results suggest that the replication gene homologs identified in the LdMNPV genome are essential for transient DNA replication.
To determine if the DNA ligase gene affected transient replication, a plasmid, pExplig, containing the ligase ORF under the control of the AcMNPV ie-1 promoter to ensure expression of the protein in L. dispar cells, was cotransfected with the six essential replication genes in a transient replication assay. The ligase gene product did not appear to stimulate replication of the reporter plasmid above the levels seen with the six essential genes alone ( Fig. 7 ; compare lane 10 to lane 3). To confirm that the LdMNPV ligase protein is expressed under the conditions of this experiment, an extract of pExplig-transfected L. dispar cells was incubated with [␣-32 P]ATP and analyzed by SDS-PAGE. A labeled band of 62 kDa was present in transfected, but not in control, cell extracts, indicating that the LdMNPV ligase is expressed and active in cells transfected with the pExplig plasmid (data not shown). One other labeled band, of approximately 100 kDa, which was present in both transfected and control cell extracts, is presumably due to the host cell ligase (data not shown).
In addition to DNA ligase, our survey of the LdMNPV genome identified an ORF (helicase-2) with homology to the petite integration frequency 1 (PIF1) gene in S. cerevisiae which might also affect replication (Fig. 1) . PIF1 is a 5Ј-to-3Ј helicase which is involved in repair and recombination of mitochondrial DNA (15, 26) . This suggested the possibility that this gene might be acting in conjunction with the ligase gene to influence DNA replication. Therefore, a plasmid, phel-2, containing the PIF1 homolog and its 5Ј and 3Ј flanking regions, was constructed (Fig. 1) . Cotransfection of this plasmid together with the six essential genes did not result in stimulation of replication ( Fig. 7 ; compare lanes 11 and 3). Cotransfection of both phel-2 and pExplig along with the six replication genes also did not stimulate an increase in transient replication above that seen with the six replication genes alone ( Fig. 7; compare  lanes 12 and 3) . In addition, we tested the ability of the hel-2 gene to substitute for the essential helicase replication gene. No replication was observed when phel was replaced with phel-2 ( Fig. 7; compare lanes 3, 9, and 13 ). The controls show that pLdhr4 plasmid DNA mixed with uninfected Ld652Y cell DNA and treated with (Fig. 7, lane 14) and without (Fig. 7 , lane 15) DpnI is completely digested under the experimental conditions used. Additional controls showed that the probe did not hybridize with uninfected cell DNA and that the reporter plasmid did not replicate in the absence of the essential replication genes (data not shown). These data suggest that neither the LdMNPV DNA ligase nor the gene with features of a helicase is involved in transient DNA replication.
DISCUSSION
Sequence analysis of the entire LdMNPV genome identified a gene encoding a protein with significant homology to a variety of DNA ligases. Ligase homologs are not present in Ac-MNPV or OpMNPV. The DNA ligases belong to a superfamily of covalent nucleotidyltransferases which include the polynucleotide ligases and the mRNA capping enzymes. These proteins show a wide variation in size, ranging from 298 aa for PBCV-1 DNA ligase, the smallest described thus far, to 900 to 1,000 aa for some of the mammalian DNA ligases (17, 48) . However, these proteins all contain a catalytic domain which includes six motifs that are conserved in both sequence and spacing ( Fig. 2) (41) . The LdMNPV DNA ligase gene product contains these six motifs with spacing identical to that of vaccinia virus DNA ligase, except for the distance between motifs IIIa and IV, where the LdMNPV ligase contains an additional amino acid. The motifs themselves are also conserved, including the residues which have been found to be essential for enzyme activity in vaccinia virus (Fig. 2) . The active site itself contains a presumptive reactive lysine residue in the sequence E-KYDG-R which is common to these enzymes from a wide range of organisms including bacteriophages, yeasts, and humans (29) . In the ligase proteins, large portions of the regions N terminal and C terminal to the catalytic domain can be deleted without a subsequent loss in enzymatic activity. Since the PBCV-1 DNA ligase contains only 26 aa upstream of the lysine in motif I at the N terminus and no amino acids downstream of motif VI at the C terminus, it has been suggested that it might represent the catalytic core of the nucleotidyltransferase superfamily (18) . Thus, the DNA ligases have significant homology in the catalytic domain but often show much less homology in both sequence and length of the N and C termini (Fig. 2) .
BLAST searches of the database with LdMNPV ligase produced the most optimal alignments with homologs from mammals and members of the family Poxviridae. This may reflect a paucity of insect ligases in the database, or it could also suggest that the LdMNPV ligase was acquired from a poxvirus. This acquisition might have occurred via genetic exchange with members of the Entomopoxvirinae, a subfamily of poxviruses that infect insects. In particular, genus B of the entomopoxviruses (EPVs) infects members of the Lepidoptera, as do baculoviruses. It is, therefore, possible that LdMNPV may have acquired the DNA ligase gene either directly or indirectly from an EPV. Thus far, a DNA ligase gene has not been identified in EPV, but complete sequence data is not yet available for Amsacta moorei EPV, the most-studied member of this family (29a).
At least four distinct DNA ligases have been described for mammalian cells, with a fifth having been recently identified in human cells (20, 45, 48) . These enzymes can be distinguished by differences in their catalytic properties, which have also been exploited to purify them from one another (45) . DNA ligase I is active on the synthetic substrate poly(dA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] but not on poly(rA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] . On the other hand, DNA ligases II and III are active on both these substrates. Our experimental results with the purified, recombinant LdMNPV DNA ligase demonstrate that it can covalently bind AMP and that this reaction is reversed by the addition of pyrophosphate (Fig. 4, lanes 1 and 2) . In addition, the radiolabeled AMP is released upon incubation of the ligase-adenylate intermediate with the synthetic substrates poly(dA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] and poly(rA) ⅐ poly(dT) [12] [13] [14] [15] [16] [17] [18] , implying that ligation of the poly(dT) [12] [13] [14] [15] [16] [17] [18] oligomer is occurring (Fig. 4, lanes 3  and 4) . It was also able to efficiently repair single-strand nicks in synthetic duplex DNA (Fig. 5 ) and ligate HindIII-cut plasmid DNA (Fig. 6a) ; however, it was unable to ligate bluntended DNA (Fig. 6b) . Collectively, these are characteristics of type III DNA ligases (12) . Therefore, these results indicate that the LdMNPV ligase gene homolog does encode an active protein that behaves like an ATP-dependent DNA ligase and suggest that it is a type III ligase.
The type I DNA ligases have been implicated in DNA replication based on a variety of observations, including the fact that they are greatly increased in proliferating cells compared to nonproliferating cells. In addition, substitution experiments have shown that a cDNA containing human DNA ligase I can compensate for a defective S. cerevisiae DNA ligase (4, 29) . The main function of DNA ligase I appears to be the joining of Okazaki fragments during lagging-strand DNA synthesis (24, 46) . On the other hand, DNA ligases II and III are more plentiful in nonproliferating cells than in dividing cells and are implicated in DNA repair and genetic recombination (6, 7, 10, 19) . Replication by vaccinia virus deletion mutants lacking the DNA ligase gene was indistinguishable from wild-type virus replication (9, 22) . Experiments using plasmids containing the homologs of the six essential baculovirus replication genes, DNA polymerase, helicase, ie-0, lef-1, lef-2, and lef-3, indicate that they are required and sufficient for transient replication of a reporter plasmid (Fig. 7, lanes 1 to 9) . These results suggest that, as is the case with vaccinia virus, the LdMNPV DNA ligase gene is also not an essential replication gene. The LdM-NPV genome contains an ORF (helicase-2) with homology to a yeast 5Ј-to-3Ј DNA helicase, PIF1, which is required for both repair and recombination of mitochondrial DNA (15, 26) . Clones containing the ligase and helicase-2 ORFs were tested both individually and together for their effect on DNA replication. No effect was observed in any of these experiments (Fig. 7, lanes 10 to 12) . The fact that LdMNPV has maintained a well-conserved, active DNA ligase suggests that this protein may be important to the virus life cycle. Since our results indicate that the ligase does not appear to play a direct role in DNA replication in a tissue culture-based assay, it is possible that it functions in repair of UV or other environmentally induced DNA damage and perhaps in genetic recombination. The vaccinia virus ligase has been implicated in DNA repair, since mutant viruses lacking the ligase gene show increased sensitivity to DNA-damaging agents (9, 21) . In somatic cells, DNA ligase III has been shown to function in both DNA repair and recombination (6, 8, 19) . The PIF1 helicase-like ORF could also play a role in these processes in LdMNPV.
The fact that LdMNPV has acquired and conserved two genes, DNA ligase and a PIF1-like helicase, which are not present in the related viruses, AcMNPV and OpMNPV, presents the possibility that these genes may play a unique role in the life cycle of this virus. Although the specific function of DNA ligase III is not known, it appears that it may primarily be involved in sealing DNA strand breaks resulting from meiotic recombination in germ cells or DNA damage in somatic cells (8) . The PIF1 gene is required for repair of mitochondrial DNA and is also required in a recombination system which depends on recognition of palindromic sequences (14, 15, 43, 47) . The LdMNPV genome has 13 homologous regions, consisting of repeated sequences, containing both direct repeats and imperfect palindromes, located throughout the genome (32, 25) , raising the possibility that the proteins encoded by the DNA ligase and PIF1 genes may participate in recombination involving these sequences. Recombination could be a mechanism for the production of viable genomes from multiple copies of damaged genomes entering the cell by infection.
